is an AdoMet-dependent 16S rRNA methyltransferase 45 conserved in bacteria and plays a role in the fine-tuning of the ribosomal decoding 46 center. It was recently found to contribute to the virulence of Staphylococcus aureus in 47 host animals. In this study, we examined the function of MraW in Escherichia coli 48 O157:H7 and found that deletion of mraW led to decreased motility and flagellar 49 production. Whole-genome bisulfite sequencing showed genome wide decrease of 50 methylation of 336 genes and 219 promoters in the mraW mutant. The methylation level 51 of 4 flagellar gene sequences were further confirmed by bisulfite PCR sequencing.
The effect of mraW on genome wide DNA methylation. Besides the function as a 141 methyltransferase targeting16S RNA, we investigated whether MraW affects DNA 142 methylation at the genome level. Genome-wide methylation profiling was performed 143 in wild-type EDL933 and EDL933ΔmraW by bisulfite sequencing to obtain detailed 144 information on the methylation status of each cytosine. A total of 1.2 Gigabytes of 145 sequence data were obtained for each strain. The sequencing depth of EDL933 and 146 EDL933Δmra was 104.24 fold and 99.96 fold. The methylation level of C, CG, CHG, 147 CHH (where H = A, T or C) in EDL933 and EDL933ΔmraW whole genomes was 1.56, 148 1.09, 3.84 and 0.44 and 1.42, 0.96, 3.50 and 0.41 respectively (see Table S1 in the 149 supplemental material ). Although a similar methylation level was found in cytosine in 150 EDL933ΔmraW compared to EDL933, there was a trend of differences in methylation 151 levels in genes and promoter regions (500 bp upstream of the coding regions) which 152 contained at least one differentially methylated regions (DMRs) . The methylation levels 153 of 219 promoters including 97 with known function and 336 genes including 152 with 154 8 known function (FDR < 0.05，p<0.005) ( Fig. 2A-B ) in EDL933ΔmraW were lower 155 compared with the wild type. These differentially methylated promoter regions and 156 genes are discussed in detail below. (Table S2 and S3) . 165 In addition, the methylation level of the promoter of qseB, a flagellar related quorum 166 sensing regulator gene, was decreased in the mraW mutant. QseBC regulates flagella 167 indirectly as an enhancer of flagellar master regulator FlhDC and in the absence of 168 QseC, phosphorylation of QseB can act as a repressor of the flagellar expression (15) . 169 In addition to flagella related genes, the largest proportion of DMRs are related to 170 energy metabolism pathways. 30% (29/97) promoters and 26% (39/152) genes with 171 DMRs participate in energy metabolism accounting for the highest proportion in the 172 whole genome DMRs (Table S2 and S3 ). The methylation level of barA was also 173 reduced which encodes one of the members of the BarA-UvrY two component system 174 and plays an essential function in metabolic adaptation by controlling the carbon 175 storage regulation system, Csr (16). Many virulence genes and promoters in the mraW mutant were also affected at 177 methylation level (Table S2 and S3), including three genes of the T3SS (escD, espB and 178 z4187), three genes encoding three heat shock proteins (HtrC, Ddg and GrpE), a clod 179 shock protein gene (cspA), a helicase gene (recD), and a curli activator gene (crl). A 180 very small number of genes/promoters (14) had increased methylation level in the 181 mraW mutant ( Fig. 2A-B ). Most of these genes were of unknown function. The five 182 genes with known functions were z1799-encoding a prophage CP-933N encoded 183 membrane protein, tyrP-tyrosine-specific transport system, cspA-transcriptional 184 activator of HNS, frwD-PTS system fructose-like IIB component 2 and eno-enolase.
186
Validation of bisulfite sequencing results. To validate the genome bisulfate 187 sequencing results, 9 regions(4 genes and 5 promoters)including fliR, fliJ, z2975, PfliK, 188 PfhiA, PyidP, PtreR , z1440 and z4981 were selected for BSP. Among these DMRs, z1440 189 and z4981 showed increased methylation level. The methylation levels were higher by 190 BSP in both the wild type and the mraW mutant, but the magnitude of reduction of 191 methylation (38% reduction on average) is similar to genome bisulfate sequencing 192 results (30% reduction on average). These BSP data analyses revealed highly similar 193 methylation patterns compared with genome bisulfate sequencing results including 194 DMRs with increased methylation level (Table S4) . 197 coding sequences. Given the methylation effect is genome wide, we searched for 198 10 common motifs in the DMRs of the whole genome. No common motif with a p value 199 < 0.0001 was found. We then restricted the searches to the DMRs of the flagellar genes 200 and heat shock protein genes. In the four flagella genes, three genes fliJ, fliK, fhiA 201 containing 6 DMRs while fliR had no DMR. One motif, GATGAAAGGC, was 202 common in these 6 DMRs with a p value < 0.0001 (Fig. 3A) . Similarly, common motifs 203 in 21 DMRs of the three heat shock protein genes htrC, ddg and grpE were investigated.
Motifs of DMRs and MraW binding to DMRs of flagellar gene promoters and

204
One common motif, ATTACT, was found with p value < 0.0001 (Fig. 3A ). Since
205
ATTACT occurs 1330 times in the EDL933 genome, we did not pursue this motif 206 further.
207
The DMRs of flagellar sequences and potential motifs clearly indicated the possibility 208 of physical interaction between MraW and flagellar sequences. Theerfore, MraW was 209 expressed and purified for electrophoretic mobility shift assay to assess its binding (Table S5) . Three protein concentrations were tested. Binding occurred at the lowest 213 concentration with major shift of mobility. Increasing concentrations of MraW led to 214 small decreases in mobility (Fig. 3B ). The binding results suggest that MraW could 215 directly affect the expression of these flagellar genes. Influence of mraW on colonization in mice. We next asked whether mraW would 230 affect the colonization of EDL933 in vivo using the mouse model. To assess the 231 virulence effect in vivo, a constitutively luminescent plasmid was introduced into the 232 wild type and the mutant to identify them in the mixed infection experiments. Six-week-233 old female BALB/c mice were used. Two groups of 10 mice were intragastrically 234 administered approximately 10 9 and 10 10 CFU of equal mix of wild type EDL933 and 235 the mraW deletion mutant. We used two different inoculum sizes as better colonization 236 was observed in high inoculum (above 10 9 CFU) in previous studies (17, 18) . The ampicillin for selection of E. coli O157:H7 (Fig. 4A ). The mraW deletion mutant was 243 selected by kanamycin resistance. A very similar shedding level of these two strains 244 were found at day 1. A significant difference in colonization between EDL933 and 245 EDL933ΔmraW was found from day 2 to day 7 ( Fig. 4B-C) . A 100 times difference 246 was found between the wild type and the mraW deletion mutant from day 2 in both 10 9 247 and 10 10 CFU inoculum groups. The results indicated that the mraW deletion mutant 248 colonized the mice poorer than the wild type EDL933.
250
The effect of mraW on the expression of a selected set of genes. We investigated the 251 effect of mraW deletion on a selected set of genes which are related to virulence 252 phenotype, primarily based on methylation effect detected above. The mRNA 253 expression of flagella related genes fliJ，fliR, fliK and fhiA were all decreased (t test, P 254 < 0.01) ( Fig. 5A ), which is consistent with the decline of flagellin protein 255 production/secretion. Curli related gene, crl and the helicase gene, recD, were also 256 decreased at the transcriptional level (t test, P < 0.01) ( Fig. 5A ). However, three genes 257 encoding heat shock proteins, htrC, ddg and grpE, were significantly increased at the 258 transcriptional level (t test, P < 0.01) (Fig. 6B ). The mRNA transcription of cold shock 259 protein cspA was also increased in a low but significant level (t test, P < 0.01) ( Fig. 5C ).
260
Nine genes of carbon nutrition metabolism relevant to colonization were examined with 261 qRT-PCR (10, 11). As expected, rbsD, rbsA, rbsK, nanA, gmD, fcI, galP, fucO, 262 araJ, and kdgK all showed a reduced mRNA expression (t test, P < 0.01) ( Fig. 5C ).
263
Type III secretion phenotype was investigated in the mutant. T3SS proteins were 264 13 compared between the wild type and the mutant. No significant difference was found 265 in protein level between these two strains ( Fig.5D ). Although the transcription levels of 266 escD, espB and z4187 were all increased ( Fig. 5D ).
267
Due to the antagonistic functions of mraW and mraZ and their effect on virulence, the 268 expression of mraZ was also examined. mraZ expression showed more than 7 times 269 increase in the mraW mutant compared to the wild type, confirming the antagonistic 270 effect previously observed (19) (Fig. 5D ). In this study, we investigated the role of MraW in genome-wide DNA methylation and 274 its role in virulence in E. coli O157:H7. We found the mraW deletion mutant has a 275 genome wide effect on methylation levels of a large number of genes including flagellar 276 related genes, metabolic and respiratory pathway genes, curli related genes, T3SS genes 277 and other virulence related genes. We also found that reduced methylation was 278 correlated altered expression of 21 of the 24 genes tested. MraW was found to have a 279 profound effect on the transcription and protein expression of flagellar genes and 280 motility. MraW was also found to be able to bind to DMRs of flagellar genes and their 281 promoters and methylate cytosine in vitro.
282
The rRNA MTases have been mainly involved in ribosome biogenesis and translation 283 fidelity (20, 21). Some rRNA MTases have been reported to play a role in antibiotic 284 resistance and stress response (22) (23) (24) (25) (26) (27) (28) (29) (30) . The 16S rRNAMTase encoded by mraW is 285 known to be involved in cell division and PG synthesis (12). Recently, mraW (rsmH) 286 14 was shown to increase the virulence of S. aureus in vivo (13). It was found that the 287 methylation of C1412 of the 16S rRNA which corresponds to C1402 of 16S rRNA in 288 E. coli enhanced the animal lethality of S. aureus due to increased resistance to 289 oxidative stress in host animals (13). These observations suggest that mraW has a wider 290 role than 16S rRNA methylation and cell division. 
302
Eight hydrophobic residues including Trp139, Ala143, Ala146, Tyr155, Trp211, Val212,
303
Ile148 and Leu152 interacts indirectly with cytidine forming a hydrophobic 304 environment via a water molecule. Therefore, there is a possibility that the cytosine 305 from DNA sequences could be recognized and methylated by MraW. 306 Our results showed that MraW affected flagellar motility directly through regulation of 307 the expression of flagellar genes. A potential binding motif and direct binding were From the mouse colonization results, we found a decreased level of colonization by the 323 mraW mutant both using BALB/c mice, a model firstly developed by Mohawk et al (18, 324 39). A lower colonization by the mraW mutant is most likely due to nutritional 325 constraints. Carbon nutrition metabolism was found to have essential effect in the 326 mouse colonization of E. coli (10, 40) and sialic acid, ribose, mannose and fucose are 327 involved in the colonization of E. coli in mice (10, 11). We found many genes that were 328 decreased both in methylation and transcriptional levels in the mraW mutant are related 329 to energy metabolism mainly related to carbon nutrition metabolism including rbsD, 330 16 rbsA, and rbsK for ribose metabolism, nanA for sialic acid, gmD for mannose, fcI and 331 fucO for fucose. Other carbon metabolism genes include agaI-2 for isomerase, araJ for 332 arabinose, and kdgK for hexuronates. In addition, the methylation and levels of crl were 333 reduced in the mraW mutant compared to the wild type. As an activator of curli 334 production, Crl binds to stationary phase sigma subunit of RNA polymerase directly 335 (41). Hence a reduced expression of crl might affect colonization as well via curli which 336 can assist the colonization of E. coli (42). The decreased colonization by the mraW 337 mutant is less likely due to reduction of motility as less or non-motile E. coli O157:H7 338 was preferred in the animal intestine including mice (11, 43) .
339
Overall, we found a positive correlation between alteration of methylation levels in 340 genes or promotors and levels of transcription except T3SS genes in the mraW mutant, 341 suggesting that mraW plays a role in genome wide DNA methylation either directly or and 31 repressed) in E. coli K-12 (19) . However, when mraZ was mildly over produced 354 it affected the expression of 970 genes in E. coli K-12 (19) . Hence, mraW might control 355 genome wide gene expression via the antagonistic relationship with mraZ. We found 356 the expression of mraZ was increased in the mraW mutant which is consistent with the 357 observations in E. coli K-12 (19) .
358
Although the vast majority of the differentially methylated genes/promoters had 359 reduced methylation in the mraW mutnat, 13 showed increased methylation levels. A 360 plausible explanation for these small number of genes with increased methylation is 361 that these DMRs may be methylated by other methylases that were repressed by mraW. 362 It is unlikely all of these were false positives as two were confirmed by BSP PCR 363 sequencing. Further studies will be required to elucidate the mechanisms involved.
364
In conclusion, we found that mraW plays a role in gene regulation through DNA 365 methylation in addition to known function in methylating 16S rRNA to increase mRNA 366 decoding fidelity. mraW affected DNA methylation, motility, and mouse colonization 367 and clearly plays a role in virulence in E. coli. Table S4 . Bacteria were routinely cultured in 372 Luria-Bertani (LB, Miller) broth or agar. Antibiotics were included when required at 373 the following concentrations: 100 µg ml -1 ampicillin, 50 µg ml -1 kanamycin and 50 µg 374 18 ml -1 chloramphenicol. Other chemicals added to media were 0.2% L-arabinose, bromo-375 chloro-indolyl-galactopyranoside (X-gal) 20 μg ml -1 (dissolved in dimethylformamide) 376 and Isopropyl β-D-1-thiogalactopyranoside (IPTG) 2μg ml -1 . Most of motility related 377 experiments were performed at an OD of 0.6 at which density bacterial growth is in the 378 log phase.
379
Construction of mraW deletion mutant in EDL933. Construction of the mraW 380 deletion mutant in EDL933 was performed using one step method as described by 381 Datsenko and Wanner (44). The kmr gene was amplified by PCR from plasmid pRS551 382 (45) with primer pair P1 and P2 (Table S5 ) (46). EDL933ΔmraW mutant was confirmed 383 by PCR and sequencing. The primer pairs P3 and P4, P5 and P6 (Table S5) were used 384 to confirm mraW gene deletion. Phusion polymerase cloned into pBAD/Myc-HisA (Table S4 ). Primers including 5-388 mraWF and 3-mraWR were used (Table S5 ). E. coli strain DH5a was used as the 389 intermediate host strain for cloning and all constructs were verified by sequencing.
385
Construction of plasmids for expression and complementation. Complementation
390
Motility assays. Swimming motility was evaluated as described by Xu and Xu (7) .
391
Briefly, wild type, the mraW mutant and complement strains were cultured overnight 392 and stab inoculated with a sterile inoculating needle and incubated at 37°C for 16h. All 393 strains were tested in triplicate and each experiment was carried out on three separate 394 occasions. The motility radius of each strain was measured and analyzed by t-Test.
395
Transmission electron microscopy. TEM was carried out as previously described (7). 
423
DNA sequencing, library preparation and genome methylation sequencing. 424 Genomic DNA was extracted with Wizard Genomic ® DNA Purification Kit (Promega).
425
DNA was sonicated to 100-300 bp fragments. Bisulfate treatment was carried out by 426 ZYMO EZ DNA Methylation-Gold kit (Zymo Research). By gel purification, DNA 427 fragments with proper size were used for PCR amplification. The proper size PCR-428 amplified fragments were sequenced using HiSeq2000. Sequencing data was mapped 429 onto the reference E. coli O157:H7 strain EDL933 to obtain the genome methylation 430 data.
431
Validation of genome bisulfite sequencing results by bisulfite sequencing PCR. 432 Genomic DNA bisulfate treatment was carried out by EpiTect ® Bisulfite kit (Qiagen).
433
Primers for Bisulfite sequencing PCR were designed using Methyl Primer Express v1.0 434 (Table S5 , from fhiAP1F to treR2R). PCR was carried out using the DNA template 435 which was treated by EpiTect ® Bisulfite kit. PCR product was cloned into pMD-18-T 436 and sequenced. For each DNA fragment, at least 10 clones were selected for sequencing 437 to minimize the sequencing error. Cytosine methylation data was achieved by mapping 438 the sequencing data to the reference E. coli O157:H7 str. EDL933.
439
RNA extraction, cDNA synthesis and quantitative reverse transcription PCR.
21
Overnight cultures of E. coli EDL933 and, its mutant strain was diluted 100-fold in LB 441 broth and then grown to an OD600 of 0.6 with shaking. Total RNA was extracted using 442 RNeasy Mini Kit (Qiagen) following the manufacturer's instructions. RNA was treated 443 with DNase I (NEB). Expression of fhiA, fliJ, fliK, fliR, crl, barA, recD, mraZ，escD, 444 z4187, espB, htrC, ddg, gprE, cspA rbsD, rbsA, rbsK, nanA, gmD, fcI, agaI-2, galP, 445 fucO, araJ, and kdgK were quantified by quantitative reverse transcription-PCR (qRT- , recD, mraZ, escD, z4187,espB, htrC, ddg, gprE, cspA rbsD, rbsA, rbsK, nanA, 454 gmD, fcI, agaI-2, galP, fucO, araJ, and kdgK are detailed in Table S4 . Plasmid pDS17039, pDS17040, pDS17041, The methylation difference between EDL933 and EDL933ΔmraW in promoter regions. 
Figure legends
